1. Introduction {#sec1-ijms-17-00837}
===============

TRAIL (tumor necrosis factor-related apoptosis-inducing ligand) is a type II transmembrane protein identified by S. Wiley *et al.* in 1995 \[[@B1-ijms-17-00837]\]. A few months later Pitti *et al.* \[[@B2-ijms-17-00837]\] documented the same protein *in vivo* and named it Apo-2. TRAIL (Apo2L/TRAIL) in a native form is associated with the membrane cell and can be cleaved by metalloproteases (MMPs) to yield a soluble form \[[@B3-ijms-17-00837]\].

So far, TRAIL expression has been detected in monocytes, macrophages, dendritic cells, natural killer (NK) cells, and activated T cells \[[@B4-ijms-17-00837],[@B5-ijms-17-00837],[@B6-ijms-17-00837],[@B7-ijms-17-00837]\]. This ligand is characterized by the ability to induce apoptosis in tumor cells but shows no toxic effects to non-cancer cells \[[@B8-ijms-17-00837],[@B9-ijms-17-00837]\]. TRAIL is involved in immune surveillance and anti-tumor immunity. TRAIL mRNA is expressed in the thymus, spleen, prostate, ovary, lungs, and colon, but not in the brain \[[@B10-ijms-17-00837]\].

TRAIL in a homotrimer form can mediate apoptotic effects by binding to its receptors. Four transmembrane receptors and one soluble TRAIL receptor have been discovered to date, namely, TRAIL-R1, TRAIL-R2, TRAIL-R3, TRAIL-R4, and osteoprotegerin (OPG, TNFRSF11B) \[[@B11-ijms-17-00837],[@B12-ijms-17-00837],[@B13-ijms-17-00837],[@B14-ijms-17-00837]\]. TRAIL-R1 and TRAIL-R2 are called "death receptors" because these receptors undergo trimerization binding TRAIL and initiate TRAIL-induced apoptosis. Other types of receptors are called "decoy receptors". They bind TRAIL, but do not transmit a signal to apoptosis \[[@B15-ijms-17-00837]\].

Numerous tumor cells are resistant to apoptosis mediated by TRAIL. The cause may be a low expression of "death receptors" or overexpression of "decoy receptor" \[[@B16-ijms-17-00837],[@B17-ijms-17-00837],[@B18-ijms-17-00837]\]. In many cancer cells which are not sensitive to apoptosis mediated by TRAIL there are no correlations between expression of death or decoy receptors \[[@B19-ijms-17-00837]\]. Other mechanisms of TRAIL-resistance include the overexpression of anti-apoptotic proteins, such as Bcl-2 or Bcl-xL which block the pro-apoptotic proteins by forming heterodimers with them. Anti-apoptotic Bcl-2 in this way prevents the increase of mitochondrial membrane permeability. On the other hand, deficiency of Bax or Bak expression evokes TRAIL-resistance in tumor cells \[[@B20-ijms-17-00837],[@B21-ijms-17-00837],[@B22-ijms-17-00837],[@B23-ijms-17-00837],[@B24-ijms-17-00837]\]. Caspase activity also affects the sensibility of cancer cells to TRAIL-induced apoptosis \[[@B25-ijms-17-00837]\].

Prostate cancer belongs to most commonly-diagnosed types of malignant tumors in men \[[@B26-ijms-17-00837]\]. One of the causes of prostate cancer is probably the deregulation process leading to apoptosis. The aim of the prevention in patients with prostate cancer is induction of apoptosis in cancer cells \[[@B27-ijms-17-00837],[@B28-ijms-17-00837]\]. Prostate cancer cells are a recognized model for studying *in vitro* the effect of overcoming resistance to TRAIL ligand.

The term "chemoprevention" was introduced by Sporn in 1976 \[[@B29-ijms-17-00837]\]. He postulated that natural dietary compounds and/or synthetic pharmacological agents can arrest or reverse the process of carcinogenesis. Flavonoids, secondary metabolic products in plants, are found in fruits, vegetables, spices, tea, red wine, or beer \[[@B30-ijms-17-00837],[@B31-ijms-17-00837]\]. They are suitable in chemoprevention because *in vitro* and *in vivo* research has demonstrated that they can sensitize TRAIL-resistant cancer cells and induce apoptosis \[[@B32-ijms-17-00837],[@B33-ijms-17-00837],[@B34-ijms-17-00837],[@B35-ijms-17-00837]\]. Flavonoids are subdivided into flavones, isoflavones, flavanones, flavonols, chalcones, and anthocyanidins.

Chalcones are the most structurally diverse groups of flavonoids \[[@B36-ijms-17-00837]\]. One of them is xanthohumol, the principal prenylated chalcone (3'-\[3,3-dimethyl allyl\]-2',4'-4-trihydroxy-6'-methoxychalcone) from the female inflorescences of the hop (*Humulus lupulus* L.). Xanthohumol is secreted as part of the yellowish substance named lupulin obtained from glands of the strobiles of the hop plant \[[@B37-ijms-17-00837]\] ([Figure 1](#ijms-17-00837-f001){ref-type="fig"}B). Female strobiles are shown in [Figure 1](#ijms-17-00837-f001){ref-type="fig"}A and the structure of the studied compound is presented in [Figure 1](#ijms-17-00837-f001){ref-type="fig"}C.

Hop cones are an essential raw material used in beer brewing. It has been shown that xanthohumol has a broad spectrum of antibacterial, antioxidant, anticancer, chemopreventive, and anti-inflammatory properties \[[@B37-ijms-17-00837],[@B40-ijms-17-00837],[@B41-ijms-17-00837],[@B42-ijms-17-00837],[@B43-ijms-17-00837],[@B44-ijms-17-00837],[@B45-ijms-17-00837]\]. We studied apoptotic and cytotoxic effects of TRAIL in combination with xanthohumol on androgen-sensitive human prostate adenocarcinoma cells (LNCaP). We have shown that xanthohumol can enhance apoptosis induced by TRAIL in cancer cells \[[@B42-ijms-17-00837],[@B43-ijms-17-00837]\]. After treatment of prostate cancer cells with TRAIL and/or xanthohumol we analyzed the expression of proteins involved in apoptosis. We are the first to report the molecular mechanism by which xanthohumol in combination with TRAIL has sensitized TRAIL-resistant LNCaP cells leading to apoptosis.

2. Results {#sec2-ijms-17-00837}
==========

2.1. Cytotoxic and Apoptotic Activities of Tumor Necrosis Factor-Related Apoptosis-Inducing Ligand (TRAIL) in Androgen-Sensitive Human Prostate Adenocarcinoma Cells (LNCaP) {#sec2dot1-ijms-17-00837}
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------

In our study recombinant human TRAIL in a soluble form was used. TRAIL induced cytotoxicity from 9.01% ± 1.35% to 12.57% ± 1.85% on LNCaP cells in a concentration of 50--100 ng/mL after a 24-h incubation. The cytotoxicity was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide tetrazolium reduction assay (MTT). Apoptotic effect of 50--100 ng/mL TRAIL in LNCaP cells analyzed by flow cytometry ranged from 9.50% ± 0.97% to 11.46% ± 0.78%. Use of TRAIL in a concentration of 200 ng/mL did not significantly affect the cytotoxicity and apoptosis as compared to a concentration of 100 ng/mL ([Figure 2](#ijms-17-00837-f002){ref-type="fig"}A,B1). We obtained the results using the MTT assay and a flow cytometry which confirmed resistance of LNCaP cells to apoptosis mediated by TRAIL.

2.2. Cytotoxic and Apoptotic Activities of Xanthohumol in LNCaP Cancer Cells {#sec2dot2-ijms-17-00837}
----------------------------------------------------------------------------

The cytotoxic effect of xanthohumol against LNCaP cells depends on a concentration of the tested compound. Xanthohumol induced cytotoxicity equal 7.85% ± 1.00% in a concentration of 25 µM and 12.56% ± 1.21% in a concentration of 50 µM in LNCaP cells after a 24-h incubation. The results of cytotoxicity determined by MTT assay correlated with the percentage of apoptotic cells detected using flow cytometer (8.53% ± 0.60% to 11.10% ± 0.84% apoptosis in LNCaP cells after 24 h incubation with 25 and 50 µM of xanthohumol, respectively). Xanthohumol showed weak apoptotic and cytotoxic effects against LNCaP cells.

In our study we used 50 µM xanthohumol, which is more cytotoxic than 50 ng/mL TRAIL and comparably cytotoxic to 100 and 200 ng/mL TRAIL (because about 12.56% ± 1.21% cytotoxicity of 50 µM xanthohumol is compared to 12.51% ± 2.02% cytotoxicity of 100 ng/mL TRAIL and respectively 11.10% ± 0.84% apoptosis of 50 µM xanthohumol is compared to 12.57% ± 1.85% apoptosis of 100 ng/mL TRAIL). The results obtained from lactate dehydrogenase assay (LDH) and flow cytometer showed that 50 µM of xanthohumol caused apoptotic effect.

2.3. Apoptotic and Cytotoxic Activities of TRAIL in Combination with Xanthohumol on LNCaP {#sec2dot3-ijms-17-00837}
-----------------------------------------------------------------------------------------

We examined the apoptotic and cytotoxic effects of TRAIL in combination with xanthohumol on LNCaP cancer cells. The cytotoxicity of 100 ng/mL TRAIL in combination with 25 and 50 µM xanthohumol in LNCaP cells was significantly increased to (22.48% ± 1.09%)--(76.58% ± 1.45%) of cell death ([Figure 2](#ijms-17-00837-f002){ref-type="fig"}A). [Figure 2](#ijms-17-00837-f002){ref-type="fig"}B1 demonstrates the percentage of apoptotic cells stained with Αnnexin V-FITC and analyzed by flow cytometry ((25.94% ± 0.95%)--(74.50% ± 0.57%) apoptosis in LNCaP cells after incubation with 100 ng/mL TRAIL in combination with 25--50 µM xanthohumol).

2.4. Necrotic Effect of TRAIL in Combination with Xanthohumol on LNCaP Cancer Cells {#sec2dot4-ijms-17-00837}
-----------------------------------------------------------------------------------

Co-incubation with 25 µM xanthohumol and 50--200 ng/mL TRAIL gives an additive response in cytotoxicity and apoptosis. An over-additive effect was detectable using 50 µM xanthohumol in combination with 50--200 ng/mL TRAIL. The necrotic cell death percentage of LNCaP cells treated with 25--50 µM xanthohumol and 50--200 ng/mL TRAIL examined by LDH assay was (1.43% ± 1.14%)--(1.60% ± 1.02%) and was not significant compared to the control ([Figure 3](#ijms-17-00837-f003){ref-type="fig"}).

It was shown that 50 µM of xanthohumol caused necrosis in 1.56% ± 0.90% measured by LDH assay but it was not significant compared to the control ([Figure 3](#ijms-17-00837-f003){ref-type="fig"}). In turn, TRAIL in tested concentrations did not cause necrosis and cytolysis in LNCaP cells marked by measuring lactate dehydrogenase in LDH assay ((1.54% ± 0.94%)--(1.53% ± 1.1%) necrosis was not significant compared to the control).

2.5. Effects of Xanthohumol on DR4/TRAIL-R1 and DR5/TRAIL-R2 Expression on Surface of LNCaP Cancer Cells {#sec2dot5-ijms-17-00837}
--------------------------------------------------------------------------------------------------------

The sensitivity of cancer cells to TRAIL is determined, *inter alia*, by expression of death receptors DR4/TRAIL-R1 and/or DR5/TRAIL-R2. Reduced expression of "death receptors" or gene mutations for these receptors leads to TRAIL-resistant cancer cells. In our study, LNCaP cells were incubated for 24 h with xanthohumol in a concentration of 50 µM. Prenylated chalcone did not affect the expression of death receptors TRAIL-R2 nor TRAIL-R1 on the surface of LNCaP cancer cells, which was evaluated using a flow cytometer ([Figure 4](#ijms-17-00837-f004){ref-type="fig"}).

2.6. Effects of TRAIL and/or Xanthohumol on the Mitochondrial Membrane Potential in LNCaP Cancer Cells {#sec2dot6-ijms-17-00837}
------------------------------------------------------------------------------------------------------

The loss of the mitochondrial membrane potential is one of the first intracellular changes leading to apoptosis. However, in some cell lines extrinsic signal induced by TRAIL binding to its "death receptor" is not sufficient for apoptosis. The amplification signal involvement by intrinsic (mitochondrial) pathway is necessary to complete the apoptotic process. The incubation of LNCaP cells with 100 ng/mL TRAIL or 50 µM xanthohumol alone caused little effect on ΔΨm (8.4 ± 1.0 and 11.2 ± 0.7, respectively). The combination of TRAIL with xanthohumol augmented the loss of ΔΨm in a large percentage of cells (54.9% ± 1.9%) and induced a significant disruption of ΔΨm ([Figure 5](#ijms-17-00837-f005){ref-type="fig"}A). The changes of ΔΨm in LNCaP cells after co-treatment with TRAIL and xanthohumol were evaluated using DePsipher staining by fluorescence microscopy ([Figure 5](#ijms-17-00837-f005){ref-type="fig"}B). These results demonstrated the engagement of intrinsic apoptotic pathway in LNCaP cells after the treatment with TRAIL and xanthohumol.

2.7. Effect of TRAIL in Combination with Xanthohumol on the Protein Expression in LNCaP Cells {#sec2dot7-ijms-17-00837}
---------------------------------------------------------------------------------------------

In the process of apoptosis intracellular proteins are engaged. In this study we have shown for the first time that xanthohumol modulated TRAIL-resistance of LNCaP cancer cells to programmed cell death by activation and/or inhibition of the intracellular proteins. LNCaP cancer cells were treated with 100 ng/mL TRAIL and/or 25 µM xanthohumol for 2 and 8 h and the expression of proteins was determined by Western blotting.

Caspases, a family of cysteine proteases, play an important role in programmed cell death. In our study, xanthohumol alone did not cleave the examined caspases (-3, -8, -9). Here we have shown that TRAIL in combination with xanthohumol cleaved caspases-8, -9, and -3 ([Figure 6](#ijms-17-00837-f006){ref-type="fig"}A--C) after 2 and/or 8 h. In order to confirm that apoptosis induced by TRAIL in combination with xanthohumol is dependent on caspases, we used caspase inhibitors: caspase-3 inhibitor (iC-3, z-DEVD-fmk), caspase-8 inhibitor (iC-8, z-IETD-fmk), caspase-9 inhibitor (iC-9, z-LEHD-fmk), and pancaspase inhibitor (iVAD, z-VAD-fmk). The use of caspase inhibitors in combination with TRAIL and xanthohumol caused a significant inhibition of apoptosis in LNCaP cells from 73.9 ± 0.7 to 11.5 ± 0.6 with iC-3, 11.2 ± 0.6 with iC-8, 13.7 ± 0.6 with iC-9, and 13.9 ± 0.9 with iVAD ([Figure 7](#ijms-17-00837-f007){ref-type="fig"}). These results suggest that TRAIL-induced apoptosis in combination with xanthohumol extends extrinsic pathway involving caspases.

In our study, xanthohumol in a concentration of 25 and after 2 and 8 h incubation of LNCaP cancer cells alone did not affect the expression of proapoptotic proteins Bid and Bax. TRAIL alone and TRAIL used with xanthohumol induced activation of Bid and led to a significant increase of the expression of Bax after 2 and 8 h incubation (the results are shown in [Figure 6](#ijms-17-00837-f006){ref-type="fig"}D,E), respectively. In this paper we have also demonstrated that TRAIL in combination with xanthohumol decreased the expression of anti-apoptotic protein Bcl-xL after 8 h incubation ([Figure 6](#ijms-17-00837-f006){ref-type="fig"}F).

3. Discussion {#sec3-ijms-17-00837}
=============

Flavonoids which are isolated from vegetables, fruits, spices, green tea, red wine, and beer are extensively researched for their cancer chemopreventive potential \[[@B46-ijms-17-00837]\]. Xanthohumol, a natural flavonoid derivative from hops, exhibits a broad spectrum of biological activities \[[@B47-ijms-17-00837],[@B48-ijms-17-00837]\]. It causes cell cycle arrest or apoptotic effect in many cancer cell types \[[@B40-ijms-17-00837],[@B49-ijms-17-00837],[@B50-ijms-17-00837],[@B51-ijms-17-00837]\]. In our study xanthohumol showed weak cytotoxic and apoptotic effects against LNCaP cells.

TRAIL (Apo2L/TRAIL), an important component of the immune defense, induces apoptosis in a variety of cancer cells without toxicity to normal cells \[[@B10-ijms-17-00837],[@B16-ijms-17-00837]\]. In their previous study Szliszka *et al.* \[[@B43-ijms-17-00837],[@B52-ijms-17-00837]\] demonstrated that LNCaP prostate cancer cells are resistant to TRAIL-induced apoptosis. Natural and synthetic flavonoids can sensitize cancer cells by increasing their susceptibility to TRAIL-induced apoptosis. Flavonoids (flavonols, isoflavones, chalcones) play an important role in prostate cancer chemoprevention for they enhance TRAIL-mediated apoptosis \[[@B52-ijms-17-00837],[@B53-ijms-17-00837],[@B54-ijms-17-00837],[@B55-ijms-17-00837],[@B56-ijms-17-00837],[@B57-ijms-17-00837]\]. Recent studies have revealed that chalcones, such as butein, chalcone, isobavachalcone, licochalcone-A, and xanthohumol, in combination with TRAIL cause an increase in the percentage of cell death in prostate cancer cells \[[@B43-ijms-17-00837]\]. In this study, we have confirmed that xanthohumol sensitized TRAIL-resistant human LNCaP cells.

Szliszka *et al.* \[[@B42-ijms-17-00837]\] reported that xanthohumol (25 µM) significantly increased TRAIL-R2 protein levels on the surface of HeLa cervical cancer cells and caused a small effect on the TRAIL-R1 receptor expression after 24-h incubation. Szliszka *et al.* \[[@B52-ijms-17-00837]\] also proved that LNCaP prostate cancer cells incubated with fisetin (a flavonol present in apples, grapes and strawberries) caused a significant increase of the expression of TRAIL-R1 in LNCaP cells. The TRAIL-R2 expression in prostate cancer cells was unaltered. Incubation of TRAIL-resistant LNCaP cells with 20 or 40 µM epigallocatechin-3-gallate (EGCG), a polyphenol found predominately in green tea, caused an increase of TRAIL-R1 expression in LNCaP cancer cells \[[@B58-ijms-17-00837]\]. Another natural compound---resveratrol (polyphenol belonging to stilbens and isolated from *Veratrum grandiflorum*, *Polygonum cuspidatum*, and red grapes) induced expression of receptors TRAIL-R1 and TRAILR2 in LNCaP cells \[[@B59-ijms-17-00837]\]. We analyzed the expression of death receptors in LNCaP cells after 24-h treatment with 50 µM of xanthohumol. Our test demonstrated that xanthohumol did not influence the expression of both death receptors.

One of the first intracellular changes in apoptosis is a disruption of the mitochondrial membrane potential. Our previous study on LNCaP prostate cancer cells confirmed the role of mitochondrial disruption due to chalcones in TRAIL-mediated apoptotic pathway \[[@B57-ijms-17-00837]\]. Therefore, we analyzed the mitochondrial membrane potential after incubation with TRAIL and/or xanthohumol. TRAIL and xanthohumol co-treatment induced a significant reduction of mitochondrial membrane potential in a large percentage of LNCaP cancer cells compared to each of these agents alone. In comparison, Ca Ski cervical cancer cells treated with xanthohumol at the concentrations of 20, 30, and 40 µM caused decreases in the percentage of viable cells with high ΔΨm from 99.0% to 55.4% \[[@B60-ijms-17-00837]\].

Caspases play an essential role in apoptosis. They are produced as inactive procaspases and cleaved into active forms. Caspases are classified by their mechanism in apoptosis as initiator caspases (-8, -9, -10) and executioner caspases (-3, -6, -7) \[[@B10-ijms-17-00837],[@B16-ijms-17-00837],[@B52-ijms-17-00837]\]. In our study xanthohumol alone did not cleave the caspases-3, -8, and -9. Similar results were obtained by Delmulle *et al.* \[[@B61-ijms-17-00837]\], who applied 200 µM xanthohumol or other prenylflavonoids (isoxanthohumol, 8-prenylnaringenin, and 6-prenylnaringenin) and incubated PC-3 prostate cancer cells with prenylflavonoids for 15, 30, 60, 90, and 120 min. They demonstrated that the investigated compounds did not activate caspase-3. In turn, Deeb *et al.* \[[@B62-ijms-17-00837]\] showed that incubation of C4-2 and PC-3 prostate cancer cells for 72 h with xanthohumol in concentrations of 20 and 40 µM completely activated procaspase-8, -9, and -3. In our study, combination of TRAIL with xanthohumol activates caspases-3, -8, and -9 in LNCaP cells. Similar observations from *in vitro* studies on prostate cancer cells have been described by Siddiqui *et al.* \[[@B58-ijms-17-00837]\]. The researchers incubated TRAIL-resistant LNCaP cells with 20--40 µM EGCG and/or 100 ng/mL TRAIL and demonstrated that the combination of TRAIL with EGCG activates initiator caspases (-8, -9) and effector caspases (-3, -6) more than each agent alone.

Intrinsic and extrinsic pathways in apoptosis are joined by a proapoptotic protein Bid. Caspase-8 cleaves Bid into tBid which is translocated to mitochondria where it activates other proapoptotic proteins, such as Bax and Bak to their oligomer forms. This causes a release of cytochrome c from mitochondria. Bax and Bak proteins are important in TRAIL-induced apoptosis. Cells lacking Bax and/or Bak are resistant to apoptosis \[[@B63-ijms-17-00837],[@B64-ijms-17-00837]\]. In our study, xanthohumol used alone did not affect the expression of proapoptotic proteins Bid and Bax of LNCaP cancer cells. In turn, TRAIL alone and TRAIL used with xanthohumol induced activation of Bid and led to a significant increase of the expression of Bax after 2 and 8 h incubation, respectively. Similar results were obtained by Siddiqui *et al.*, who incubated TRAIL-resistant LNCaP cells with TRAIL and/or EGCG. They also demonstrated that EGCG and TRAIL combined together increased the levels of proapoptotic Bak and Bax \[[@B58-ijms-17-00837]\]. In turn, resveratrol used alone resulted in translocation of Bax to mitochondria at 2 and 4 h in LNCaP cells \[[@B59-ijms-17-00837]\].

One of the reasons for cancer cell resistance to apoptosis mediated by TRAIL is the overexpression of antiapoptotic proteins BcL-2 and/or Bcl-xL \[[@B65-ijms-17-00837],[@B66-ijms-17-00837]\]. Jiang *et al.* \[[@B67-ijms-17-00837]\] showed that xanthohumol in the concentration of 10 µM inhibited the expression of Bcl-xL at the messenger RNA level in PANC-1 pancreatic cancer cells after 24 h incubation. We have also demonstrated that TRAIL in combination with xanthohumol decreased the expression of anti-apoptotic protein Bcl-xL after 8 h incubation. A similar result was obtained by Siddiqui *et al.* \[[@B58-ijms-17-00837]\] after the incubation of LNCaP prostate cancer cells with TRAIL and EGCG, and also by Kim *et al.* \[[@B68-ijms-17-00837]\] after treatment of DU-145 prostate cancer cells with TRAIL and quercetin.

4. Materials and Methods {#sec4-ijms-17-00837}
========================

4.1. Cell Culture {#sec4dot1-ijms-17-00837}
-----------------

Human prostate cancer LNCaP cell line was purchased from DSMZ (Deutsche Sammlung von Mikroorganismen und Zellkulturen) GmbH-German Collection of Microorganism and Cell Cultures (Braunschweig, Germany). The LNCaP cells were maintained in monolayer cultures in RPMI 1640 containing 10% fetal bovine serum (FBS), 100 IU/mL penicillin, and 100 µg/mL streptomycin. The cancer cells were grown at 37 °C in an atmosphere with 5% CO~2~ and 100% humidity. All reagents for cell culture were obtained from ATCC (American Type Culture Collection, Manassas, VA, USA).

4.2. Reagents {#sec4dot2-ijms-17-00837}
-------------

Soluble recombinant human TRAIL (rhsTRAIL) was obtained from PeproTech Inc. (Rocky Hill, NJ, USA). Xanthohumol was purchased from Alexis Biochemicals (San Diego, CA, USA) and dissolved in DMSO (50 mM) to a final concentration of 0.1% (*v*/*v*) in the culture media. The purity of tested xanthohumol was ≥98% (HPLC).

4.3. Cytotoxicity Assay {#sec4dot3-ijms-17-00837}
-----------------------

Cytotoxicity was measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay \[[@B42-ijms-17-00837]\]. Cells (1 × 10^5^/mL) were seeded into each well of a 96-well plate for 48 h. Then the cells were treated with xanthohumol at concentrations of 25--50 µM and/or TRAIL at final concentrations of 50--200 ng/mL for 24 h. After this time supernatants were removed and 180 µL culture medium and 20 µL MTT solution added to reach a final concentration of 1.1 mM. The cells were incubated for 4 h at 37 °C in an atmosphere containing 5% CO~2~ at 100% relative humidity. The resulting blue formazan crystals were dissolved in DMSO. The controls were native cells and medium alone. Reagents were obtained from Sigma Chemical Company (St. Louis, MO, USA). Spectrophotometric absorbance was measured at 550 nm wavelength with use of an Eon microplate reader (Bio-Tek Instruments Inc., Winooski, VT, USA). The cytotoxicity was calculated according to the formula: percent cytotoxicity (cell death) = \[1 − (absorbance of experimental wells/absorbance of control wells)\] × 100% \[[@B42-ijms-17-00837],[@B43-ijms-17-00837],[@B69-ijms-17-00837]\].

4.4. Lactate Dehydrogenase Release Assay {#sec4dot4-ijms-17-00837}
----------------------------------------

Lactate dehydrogenase (LDH) is a stable cytosolic enzyme released into the supernatant as a result of cell membrane damage and cell lysis. The increase of LDH activity in the supernatant was correlated with the percentage of necrotic cells. LDH activity measurement was performed using the cytotoxicity assay kit from Roche Diagnostics GmbH (Mannheim, Germany). The LNCaP cells (1 × 10^6^ cells/ mL) were treated with TRAIL (50--200 ng/mL) and/or xanthohumol (25 and 50 µM). Maximal LDH release was obtained after the treatment of control cells with 1% solution of Triton X-100 (Sigma Chemical Company) for 10 min at room temperature. The spectrophotometric absorbance was measured at 490 nm using the Eon microplate reader. The necrotic cell percentage was calculated using the formula: (sample value/maximal release) × 100% \[[@B53-ijms-17-00837],[@B70-ijms-17-00837]\].

4.5. Detection of Apoptotic Cell Death by Flow Cytometry {#sec4dot5-ijms-17-00837}
--------------------------------------------------------

Apoptosis was measured by flow cytometry using the Apoptotest-FITC Kit with Annexin V (Dako, Glostrup, Denmark). Prostate cancer LNCaP cells (1 × 10^5^/mL) were seeded in 24-well plates for 48 h and then exposed to xanthohumol (25 and 50 µM) and/or TRAIL (50--200 ng/mL) for 24 h. After this time the cancer cells were washed twice with phosphate-buffered saline (PBS) solution and resuspended in binding buffer (500 µL). The cell suspension was incubated with Annexin V-FITC (5 µL) and propidium iodide (5 µL) for 10 min at room temperature in the dark. The population of Annexin V-positive cells was evaluated by flow cytometry (LSR II, Becton Dickinson Immunocytometry Systems, San Jose, CA, USA) \[[@B56-ijms-17-00837],[@B71-ijms-17-00837]\].

4.6. Flow Cytometric Analysis of Death Receptor Expression on the Cancer Cell Surface {#sec4dot6-ijms-17-00837}
-------------------------------------------------------------------------------------

The expression of death receptors (DR4/TRAIL-R1 and DR5/TRAIL-R2) was determined using a LSR II flow cytometer (San Jose, CA, USA). Cells were adherent in a 24-well plate for 24 h and incubated with xanthohumol (50 µM). After this time the cells were harvested using trypsin solution and ethylenediaminetetraacetic acid (EDTA). The cells were washed twice with PBS solution and resuspended with PBS containing 0.5% bovine serum albumin (BSA). Cells were Fc-blocked for 15 min at room temperature. Then the cells were incubated with 10 µL monoclonal antibody anti-DR4/TRAIL-R1 or anti-DR5/TRAIL-R2 conjugated with phycoerythrin (PE) (R and D Systems, Minneapolis, MN, USA) at 4 °C for 45 min. Finally, the cells were washed with PBS and analyzed by flow cytometry. Cells in a separate tube treated with phycoerythrin-labelled mouse IgG1 or mouse IgG2B (R and D Systems) constituted the control sample (isotype control) \[[@B72-ijms-17-00837],[@B73-ijms-17-00837]\].

4.7. Mitochondrial Depolarization Assay {#sec4dot7-ijms-17-00837}
---------------------------------------

The decreased mitochondrial membrane potential (ΔΨm) was evaluated with fluorescence microscopy using a DePsipher kit (R and D Systems). LNCaP cells (1 × 10^5^/mL) were seeded in a 24-well plate 24 h prior to the experiments. The cells were stimulated with TRAIL (100 ng/mL) and/or xanthohumol (50 µM) for 24 h. Then the LNCaP cells were washed with PBS and harvested by 0.25% trypsin solution. The cells were incubated in the dark with DePsipher (5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethyl-benzimidazolyl carbocyanin iodide) solution at a concentration of 5 µg/mL at 37 °C for 30 min. Then they were washed with reaction buffer with stabilizer, placed on a glass slide and covered with a glass coverslip. The total amount of 200 cells per sample was taken for analysis. The stained cells were observed under fluorescence inverted microscope IX-51 (Olympus, Tokyo, Japan), using filter sets for FITC and TRITC. DePsipher accumulated in mitochondria depending on the potential. In cells unchanged from the mitochondrial membrane potential dye aggregates exhibit red fluorescence (590 nm). At low mitochondrial potential (the mitochondrial membrane depolarization) DePsipher monomeric forms appear in the cytosol and emit green fluorescence (530 nm). The cells were counted each time from the representative area containing 100 cells and cells with mitochondrial membrane depolarization were expressed as percentage of total cells \[[@B52-ijms-17-00837],[@B54-ijms-17-00837],[@B56-ijms-17-00837],[@B69-ijms-17-00837]\].

4.8. Western Blotting {#sec4dot8-ijms-17-00837}
---------------------

LNCaP cells were adhered in Petri dishes (3.5 cm diameter) for 48 h and then treated with 100 ng/mL TRAIL and/or 25 µM xanthohumol. The cells were washed twice with cold PBS and lysed in a Ripa Buffer with Protease Inhibitor Cocktail (Sigma-Aldrich, St. Louis, MO, USA). Protein samples (20 µg) were separated on 12% sodium dodecyl sulfate (SDS)-polyacrylamide gels using a Mini Trans-Blot (BioRad, Hercules, CA, USA). Proteins were transferred onto a Whatman nitrocellulose membrane (Labo Plus, Warsaw, Poland). The membrane was blocked in 5% non-fat dry milk for 1 h in room temperature and incubated at 4 °C overnight with the following primary antibodies (1:1000 dilutions): anti-procaspase 3, anti-procaspase 8, anti-procaspase 9, anti-Bid, anti-cytochrome *c*, anti-Bax, anti-Bad, anti-Bcl-2, anti-Bcl-xL, and anti-β-actin (Cell Signaling Technology, Danvers, MA, USA). After thorough washing, the membranes were incubated with secondary antibodies conjugated with horseradish peroxidase (HRP) for 1 h at room temperature. Then the membranes were incubated for 1 min with a chemiluminescence detection chromogen Phototope^[®]{.smallcaps}^-HRP Western Blot Detection System (Cell Signaling Technology). The detection of chemiluminescence and photographic documentation was performed using ChemiDoc™ XRS+ Systems with Image Lab™ software (BioRad).

4.9. Apoptosis Inhibition Using Caspase Inhibitors {#sec4dot9-ijms-17-00837}
--------------------------------------------------

In order to determine whether TRAIL and/or xanthohumol---induced apoptosis is dependent on caspases, the following caspase inhibitors were used: caspase-3 inhibitor (z-DEVD-fmk), caspase-8 inhibitor (z-IETD-fmk), caspase-9 inhibitor (z-LEHD-fmk) and pancaspase inhibitor (z-VAD-fmk). The caspase inhibitors were obtained from R and D Systems \[[@B74-ijms-17-00837]\]. The results of our earlier experiments (data not shown) confirmed that caspase inhibitors used alone did not reduce the viability of LNCaP cells (MTT assay) and did not induce apoptosis or necrosis of LNCaP cells (Apoptotest-FITC) \[[@B73-ijms-17-00837]\]. LNCaP cells were incubated with 100 ng/mL TRAIL and/or 50 µM xantohumol and/or 20 µM caspase inhibitors for 24 h. Apoptotic cells were detected using flow cytometer LSR II with Apoptotest-FITC.

4.10. Statistical Analysis {#sec4dot10-ijms-17-00837}
--------------------------

The results are presented as means ± SD obtained from three separate experiments done in duplicate or quadruplicate (*n* = 6 or 12). Statistical significance was evaluated using ANOVA or Student's *t*-test. The *p*-values \< 0.05 were considered significant. For statistical calculation we used Microsoft Excel 2007 and StatSoft Statistica version 10.0 (Cracow, Poland). In order to perform the analysis of western blot technique results Image J software (Bethesda, MD, USA) was used. This program calculates what percentage of the total density each band has. The results are expressed as means ± SD obtained from three independent experiments. We normalized the data to the control and the β-actin level.

5. Conclusions {#sec5-ijms-17-00837}
==============

Xanthohumol supports apoptotic and cytotoxic activities of TRAIL on prostate LNCaP cancer cells. This prenylated chalcone sensitizes cancer cells to TRAIL-mediated apoptosis through modulation of extrinsic and intrinsic apoptotic pathways. The potential apoptotic mechanism, after application of TRAIL in combination with xanthohumol, is most likely associated with the activation of caspases-3, -8, -9, with the activation of Bid, with the increase of the expression of Bax, the decrease of the expression of Bcl-xL, and also with the decrease of mitochondrial potential in LNCaP cells. Xanthohumol sensitizes LNCaP cancer cells to apoptosis induced by TRAIL and, therefore, it can enhance the natural mechanisms of anti-tumor immunity.

This work was supported by a research grant KNW-1-046/N/5/0 from the Medical University of Silesia in Katowice (Katowice, Poland) and was performed using equipment purchased in the Project: "Silesian BIO-FARM (Centre for Biotechnology, Bioengineering and Bioinformatics)" co-financed by the European Regional Development Fund under the Operational Program Innovative Economy 2007--2013. The authors wish to thank Marek Podsiadły for permission to publish a photograph in [Figure 1](#ijms-17-00837-f001){ref-type="fig"}A and Chris Duyvelshoff for permission to publish a photograph in [Figure 1](#ijms-17-00837-f001){ref-type="fig"}B.

Study design---Wojciech Król, Ewelina Szliszka; Experiments performance---Małgorzata Kłósek, Anna Mertas, Dagmara Jaworska; Data collection---Małgorzata Kłósek, Anna Mertas, Dagmara Jaworska, Ewelina Szliszka; Statistical analysis---Jan Szymszal; Data interpretation---Małgorzata Kłósek, Anna Mertas, Wojciech Król, Ewelina Szliszka; Manuscript preparation---Małgorzata Kłósek, Anna Mertas, Wojciech Król, Ewelina Szliszka; Literature search---Małgorzata Kłósek, Wojciech Król; Funds collection---Wojciech Król.

The authors declare no conflict of interest.

![(**A**) Female strobiles \[[@B38-ijms-17-00837]\]; (**B**) section through the mature strobili \[[@B39-ijms-17-00837]\]; and (**C**) structure of xanthohumol.](ijms-17-00837-g001){#ijms-17-00837-f001}

###### 

Cytotoxic and apoptotic effects of TRAIL in combination with xanthohumol in LNCaP cancer cells. The values represent mean ± SD of three independent experiments performed in quadruplicate (*n* = 12), \*\*\* *p* \< 0.001 compared with control, ^\#\#\#^ *p* \< 0.001 compared with xanthohumol, ^+++^ *p* \< 0.001 compared with TRAIL. (**A**) Cytotoxic effect of TRAIL in combination with xanthohumol in LNCaP cells; (**B**) apoptotic effect of TRAIL in combination with xanthohumol in LNCaP cells; (**C**) representative histograms: (**1**) control cells; (**2**) cells incubated with 100 ng/mL TRAIL; (**3**) cells incubated with 50 µM xanthohumol; (**4**) cells incubated with 100 ng/mL TRAIL + 50 µM xanthohumol. Red dots show apoptotic cells and gray dots live cells.
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![Necrotic effect of TRAIL and/or xanthohumol in LNCaP cancer cells. The percentage of necrotic cells was measured by lactate dehydrogenase assay (LDH) cytotoxicity assay. The values represent mean ± standard deviation (SD) of three independent experiments performed in quadruplicate (*n* = 12). No statistically significant differences were shown.](ijms-17-00837-g003){#ijms-17-00837-f003}

![Effect of xanthohumol on death receptors expression on surface of LNCaP cancer cells. The expression of (**A**) DR4/TRAIL-R1 and (**B**) DR5/TRAIL-R2 on cancer cells together with representative histograms determined by flow cytometry. The values represent mean ± SD of three independent experiments performed in quadruplicate (*n* = 12). Statistical significance has not been shown for the results compared to the control.](ijms-17-00837-g004){#ijms-17-00837-f004}

![Mitochondrial membrane potential (ΔΨm) in LNCaP cancer cells. (**A**) TRAIL in combination with xanthohumol caused loss of ΔΨm in LNCaP cells. The values represent the mean ± SD of three independent experiments performed in duplicate *n* = 6 (\*\*\* *p* \< 0.001 compared with control, ^\#\#\#^ *p* \< 0.001 compared with xanthohumol and ^+++^ *p* \< 0.001 compared with TRAIL); (**B**) The loss of ΔΨm in cancer cells was evaluated by fluorescent microscopic analysis of DePsipher staining: (**1**) control cells; (**2**) cells incubated with 100 ng/mL TRAIL; (**3**) cells incubated with 50 µM xanthohumol; and (**4**) cells incubated with 100 ng/mL TRAIL + 50 µM xanthohumol. In cells with intact cell membrane aggregates of DePsipher emitting red fluorescence are formed in mitochondria. Green fluorescence is evidence of the monomeric form of the DePsipher molecule that is present in the cytosol after mitochondrial membrane depolarization (indicated by arrows); magnification 200×.](ijms-17-00837-g005){#ijms-17-00837-f005}

###### 

Effect of TRAIL and/or xanthohumol on the protein expression in LNCaP cells. Cancer cells were treated with 50 µM xanthohumol and/or 100 ng/mL TRAIL for 2 or 8 h. The expressions of (**A**--**C**) caspases (-3, -8, -9) and (**D**--**F**) Bcl-2 family members (Bid, Bax, Bcl-xL) were measured by the Western blot technique. The results are expressed as means ± SD obtained from three independent experiments. The β-actin was used as a control to show equal loading of proteins. The data were normalized to the control and β-actin level. A statistical significance of the differences between the treatment and control results is marked with \* *p* \< 0.05, \*\* *p* \< 0.01, \*\*\* *p* \< 0.001.
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![Inhibition of the apoptotic effect of TRAIL in combination with xanthohumol on LNCaP cells after application of caspase inhibitors: -3 (iC-3), -8 (iC-8), -9 (iC-9), and inhibitor of all caspases (iVAD). LNCaP cells were incubated with 100 ng/mL TRAIL and/or 50 µM xantohumol and/or 20 µM caspase inhibitors for 24 h. Apoptotic cells were detected using flow cytometer with Apoptotest-FITC (\*\*\* *p* \< 0.001 compared with TRAIL in combination with xanthohumol).](ijms-17-00837-g007){#ijms-17-00837-f007}
